Vertebral compression fractures (VCFs), the most common fragility fractures, account for approximately 700,000 injuries per year. Since open surgery involves morbidity and implant failure in the osteoporotic patient population, new minimally invasive biological solution to vertebral bone repair is needed. Previously, we showed that adipose-derived stem cells (ASCs) overexpressing a BMP gene are capable of inducing spinal fusion in vivo. We hypothesized that a direct injection of ASCs, designed to transiently overexpress rhBMP6, into a vertebral bone void defect would accelerate bone regeneration. Porcine ASCs were isolated and labeled with lentiviral vectors that encode for the reporter gene luciferase (Luc) under constitutive (ubiquitin) or inductive (osteocalcin) promoters. The ASCs were first labeled with reporter genes and then nucleofected with an rhBMP6-encoding plasmid. Twenty-four hours later, bone void defects were created in the coccygeal vertebrae of nude rats. The ASC-BMP6 cells were suspended in fibrin gel (FG) and injected into the bone void. A control group was injected with FG alone. The regenerative process was monitored in vivo using microCT, and cell survival and differentiation were monitored using tissue specific reporter genes and bioluminescence imaging (BLI). The surgically treated vertebrae were harvested after 12 weeks and subjected to histological and immunohistochemical (against porcine vimentin) analyses. In vivo BLI detected Luc-expressing cells at the implantation site over a 12-week period. Beginning 2 weeks postoperatively, considerable defect repair was observed in the group treated with ASC-BMP6 cells. The rate of bone formation in the stem cell-treated group was two times faster than that in the FG-treated group, and bone volume at the endpoint was twofold compared to the control group. Twelve weeks after cell injection the bone volume within the void reached the volume measured in native vertebrae. Immunostaining against porcine vimentin indicated that the ASC-BMP6 cells contributed to new bone formation. Here we show the potential of injections of BMP-modified ASCs to repair vertebral bone defects in a rat model. Our results could pave the way to a novel approach for the biological treatment of traumatic and osteoporosis-related vertebral bone injuries.
INTRODUCTION
The lifetime incidence of osteoporosis-related fragility in patients older than 50 years of age is approximately 1 in 2 in women and 1 in 4 in men. 1 In the year 2007, osteoporosis was estimated by the World Health Organization to affect 200 million women worldwideapproximately one-tenth of women aged 60, one-fifth of women aged 70, two-fifths of women aged 80 and two-thirds of women aged 90. 2 Vertebral compression fractures (VCFs) are the most common injuries resulting from osteoporosis. Every year an estimated 1-4 million vertebral compression fractures that cause pain and disability and diminish quality of life, 3, 4 come to clinical attention worldwide. 5 In the past VCFs received limited attention from the spine care community. This oversight may have been due to the perception that VCFs are benign, self-limited problems or that treatment options are limited. However, it has become clear that VCFs are associated with significant physiologic and functional impairments, even in patients who do not seek medical care at the time of fracture. 6 In addition to the elderly osteoporotic population most affected by VCFs, a new population of younger sufferers of VCFs has emerged. Low-lumbar burst fractures are the predominant combat-related spine injury in the current Iraq and Afghanistan military conflicts. 7 Spine fractures have serious consequences for active soldiers and their ability to return to duty. In their retrospective review, Islinger et al. reported that 64% of soldiers who suffered from thoracolumbar spine fractures did not return to their previous duties. 8 In another study, Kornberg and colleagues found that only 28% of active-duty military personnel who sustained similar fractures were retained on active-duty rosters. 9 Spine fractures may greatly affect army aviators as well. According to the U.S. Army aeromedical standards for aviation service, all aviators with thoracolumbar fractures are initially disqualified regardless of whether their treatment entailed surgery. Belmont et al. studied the thoracolumbar fractures identified during medical assessment of 33,365 army aviators; 40% of the fractures were classified as burst fractures and 53% as compression fractures. Compression fractures are mostly found in paratroopers and helicopter pilots, whereas burst fractures are typical injuries sustained by members of special operations units. 10 A third type of fracture, caused by blast, can lead to penetrating fractures of the spine and can be the result of various explosions.
Current treatment of osteoporotic patients is focused mainly on prevention of VCFs by prescribing new medications such as alendronate and parathyroid hormone (1-34). 11, 12 There are few treatment options after VCFs actually occur. Since open surgery involves morbidity and implant failure in the osteoporotic patient population, the vast majority of patients are offered nonoperative management, including medications and bracing. Unfortunately, many patients report intractable pain and the inability to return to normal activities. The limitations of nonoperative management have fostered increased interest in new, minimally invasive surgical techniques. Because fracture biomechanics are primarily determined by disruption of the trabecular microarchitecture 13 and since ongoing symptoms may be related to ineffective structural repair and motion, new nonbiological methods have been developed to regain healthful biomechanical properties in the vertebral body. These nonbiological methods include the minimally invasive procedures of vertebroplasty and balloon tamp reduction. Both procedures involve percutaneous injection of polymethylmethacrylate (PMMA) into the collapsed spinal vertebral body. 6, 14 A recent study suggests that a prophylactic injection of PMMA into osteoporotic vertebrae maintains higher vertebral stiffness than a postfracture injection. 15 Moreover, according to two recent prospective studies reported in the New England Journal of Medicine, treatment with PMMA vertebroplasty is no more effective than sham treatment. 16, 17 Thus, currently there is no efficient biological solution for the treatment of VCFs.
There have only been a couple of studies in which researchers attempted to induce vertebral bone regeneration using a biological approach. Defects were created in the lumbar vertebrae of sheep, and regeneration was induced by using autologous bone grafts 18 or OP-1 protein therapy. 19 Neither approach resulted in statistically significant bone repair compared to the untreated controls. 18, 19 Previously we showed that genetically modified adult stem cells have several advantages over protein therapy or use of autologous bone grafts in bone regeneration. Mesenchymal stem cells (MSCs) constitute a population of cells in the bone marrow and adipose tissue that can differentiate into a variety of cell types, including osteoblasts, chondrocytes, adipocytes, myocytes, and tendon-or ligament-forming cells. [20] [21] [22] Genetic modification of MSCs to overexpress a bone morphogenetic protein (BMP) gene provides therapeutic protein secretion and a supply of osteogenic cells-without the need for excessive doses of BMP proteins or harvest of bone grafts from the patient. Indeed, several studies have shown the superiority of such an approach over protein therapy alone. 23, 24 Earlier we showed that adult MSCs induce rapid bone regeneration and fracture repair in vivo in several models of bone loss, [25] [26] [27] including long bones, 28 the calvaria, 29, 30 and the spine. 31, 32 Specifically, genetically modified porcine adipose tissue-derived stem cells (ASCs) were shown to induce bone formation and spinal fusion in a rodent model. 31, 33 Thus we hypothesized that porcine ASCs that were genetically modified to overexpress rhBMP6 using a nonviral method could be used to accelerate vertebral bone defect repair in a rat model. We first established a reproducible rodent model of vertebral bone loss that could enable the use of molecular optical imaging to monitor stem cell participation in the regeneration process. Next we used primary porcine ASCs to pursue the hypothesis and regenerate the lost bone tissue. The aim of this study was to lay the foundations for a novel, clinical-practice paradigm for the treatment of vertebral fractures such as VCFs.
EXPERIMENTAL SECTION

Isolation of ASCs
The Institutional Animal Care and Use Committee of Cedars-Sinai Medical Center approved all animal studies described in this paper (IACUC #002290). The ASCs were isolated from porcine adipose tissue as previously reported. 34 Briefly, adipose tissue was harvested from subcutaneous fat pads of euthanized minipigs. The harvested tissue was cut into small pieces (less than 5 mm 3 ), washed three times with phosphate-buffered saline containing 1% bovine serum albumin (PBS 1% BSA [Sigma, St. Louis, MO, USA]), treated with 0.1% collagenase in PBS 1% BSA, and placed on a shaker at 37°C for 60 min. The collagenase was inactivated by an addition of complete growth medium (Dulbecco's modified Eagle's medium [DMEM, Invitrogen, Carlsbad, CA] containing 10% fetal calf serum [Invitrogen, Carlsbad, CA]). The fraction of mononuclear cells was retrieved and plated in tissue-culture dishes at a density of 5 × 10 6 cells per 100-mm culture plate in an atmosphere of 5% CO 2 /95% air at 37°C. The medium was changed after 72 hours and every 3 to 4 days thereafter. The ASCs were expanded in culture up to the fifth passage. In experiments where osteogenic differentiation of ASCs was required in vitro, 3 commonly used osteogenic supplements were added to the culture medium: 0.1 μM dexamethasone, 0.05 mM ascorbic acid-2-phosphate, and 10 mM β-glycerophosphate (Sigma).
Genetic modification of ASCs
A lentiviral vector 35 that harbored the reporter genes green fluorescent protein (GFP) and firefly luciferase (Luc) under the constitutive ubiquitin promoter (hereafter referred to as LUBFG [Lenti UBiquitin promoter-driven Firefly luciferase and GFP]) was produced in 293HEK cells by using a standard procedure. 35, 36 Plasmids encoding the vector and packaging proteins of the virus were generously provided by Dr. Joseph Wu (Stanford University, Stanford, CA, USA). 35, 36 Porcine ASCs were labeled with the LUBFG lentiviral vector as previously reported. 36 Briefly, the viral vector was resuspended at a MOI of 20 and a polybrene concentration of 6 μg/ml. Porcine ASCs were cultured until they reached 80% confluence and incubated with the lentiviral vector overnight. After the cells had had time to be infected by the lentivirus, their culture medium was replaced daily for 3 days. Fluorescence microscopy was used to verify successful infection by GFP expression, and the cells were assessed using flow cytometry on Day 3; Luc expression was verified using bioluminescence imaging (BLI) in vitro (Xenogen IVIS Spectrum, Caliper Life Sciences, Hopkinton, MA, USA).
To monitor osteogenic differentiation in vivo, a new plasmid was constructed that harbored the Luc2 reporter gene (from pGL4, Promega, Madison, WI, USA) under the regulation of the human osteocalcin promoter (Oc-Luc2). The human osteocalcin promoter was cut out from the Oc-GFP plasmid 37 and cloned into a firefly luciferase type 2-encoding pGL4 vector (cat #E6751, Promega, Madison, WI, USA). The sequence containing the osteocalcin promoter and the Luc2 gene was then cloned into a backbone of the lentiviral vector pHRUBGF, 38 which was generously provided by Dr. Eduardo Marban (Cedars-Sinai Medical Center, Los Angeles, CA, USA). Viral particles were produced in 293HEK cells by using a standard procedure, 35, 36 and wild-type porcine ASCs were infected. The infection was verified using PCR with primers against the human osteocalcin promoter (Forward: GCT TCC TCT TTA GAC TCC CCT AGA G; Reverse: GAC CCC TCA GCT CCA ACT CA; amplicon 86bp, as published elsewere 39 ) or the Luc reporter gene (Forward: CAG GGC TTC CAA AGC ATG TAC; Reverse: CGA AAG CCG CAG ATC AAG TAG; amplicon 308bp, designed using Primer Express 3.0 software). The induced bioluminescence was tested in vitro using standard osteogenic supplements, [40] [41] [42] and BLI was performed in vitro.
After the porcine ASCs had been labeled with either the LUBFG or Oc-Luc2 reporter constructs, the cells were expended in culture and nucleofected with human rhBMP6-encoding plasmid, as previously described, 31 by using a nucleofection kit and the G22 program of the Nucleofector™ (Lonza, Walkersville, MD) The cells were nucleofected in 2 × 10 6 cells per round with 10 μg rhBMP6-encoding plasmid. After nucleofection, the cells were seeded in culture dishes for 2 hours before transplantation. On the day of surgery, the viable cells, hereafter referred to as ASC-BMP6 cells, were detached, counted, washed with PBS, and aliquoted in 10 6 cells per injection.
Surgical procedures
Cohorts of mature athymic nude rats underwent surgical procedures to create a vertebral bone void; afterward they were randomly assigned to one of three treatment groups. The animals were anesthetized by an intraperitoneal injection of ketamine (75.0 mg/kg)/ dexmedetomidine (0.25 mg/kg). The third caudal vertebra (Ca3) was identified and exposed through a left posterolateral approach. The dorsal spinal muscles were cleared away from the lateral aspects of the vertebral body, and a 1.8-mm-diameter trephine drill bit was used to create a cylindrical defect (~ 2 mm deep) in the center of the vertebral body. The defect was injected with 10 6 pASC-LUBFG cells (n = 7) or pASC-Oc-Luc2 cells (n = 6) suspended in 10μl fibrin gel (FG; Tisseel kit, Baxter, Vienna, Austria). The cells were pelleted, resuspened in 5μl thrombin and mixed with 5μl fibrinogen in a tuberculin syringe prior to injection into the defect site. Following this, the skin was closed using nylon sutures. Defects in the control group were created in the same manner but were treated with an injection of FG alone (n = 5). The animals healed with unrestricted activity for 12 weeks, during which bone repair was monitored using in vivo BLI (Xenogen IVIS Spectrum system, Caliper Life Sciences, Hopkinton, MA) and micro-computed tomography (vivaCT 40; Scanco Medical AG, Brüttisellen, Switzerland), hereafter will be refereed as microCT. After the animals had been euthanized, both treated and adjacent nontreated vertebral bodies were collected for histological examinations.
Monitoring of in vivo stem cell survival and differentiation using BLI
Genetically modified stem cells were monitored in vivo to assess cell survival (based on ubiquitin promoter-driven Luc expression) and osteogenic differentiation (based on osteocalcin promoter-driven Luc expression). The rats were anesthetized by continuous administration of 1.0-3.0% isoflurane mixed with 100% medical-grade oxygen. A percutaneous injection of luciferin was administered locally (2.5 mg/injection) into the site of the defect 5 min before imaging commenced. Light emission was evaluated using the Xenogen IVIS Spectrum system (Caliper Life Sciences, Hopkinton, MA). The exposure time was set automatically, and bioluminescence was quantified as the total signal normalized to the length of the exposure and the area of the region of interest.
Bone regeneration analysis using micro-computed tomography
In vivo bone formation at sites of regeneration was evaluated over time by performing microCT analyses. To quantify bone regeneration and compare it among several samples, a standard method must be used. The microCT procedures used for this study were described in detail by Kallai et al. 43 In vivo microCT scanning of the anesthetized rats was performed on Day 1 and at Weeks 2, 4, 6, and 12 postoperatively by using a preclinical cone-beam in vivo microCT system (vivaCT 40; Scanco Medical AG, Brüttisellen, Switzerland). Microtomographic slices were acquired using an x-ray tube potential of 55 kVp, after which they were reconstructed at a voxel size of 21 μm. After locating the defect region, the defect margins were aligned to a standard position and a cylindrical volume of interest (VOI; 1.68 mm in diameter, 2.52 mm in height) was defined for a 3D histomorphometric evaluation. A constrained 3D Gaussian filter (σ = 0.8 and support = 1) was used to partly suppress the noise in the volumes. The bone tissue was segmented from marrow and soft tissue by using a global thresholding procedure. 44 In addition to visual assessments of the structural images, morphometric indices were determined on the basis of microtomographic data sets by using direct 3D morphometry. 45 Evaluation of regenerated bone tissue was made by a qualitative assessment of bone structure based on 2D cross-sections and 3D images, and a quantitative assessment of bone structure based on microtomographic data sets created using direct 3D morphometry. The following morphometric indices were determined for newly formed bone in the regeneration sites: 1) volume of mineralized bone tissue [BV, mm 3 ]; 2) percentage of bone regeneration, calculated as the ratio between added BV (BV -BV day1 ) and the average BV of native vertebrae (n = 5) in a similar cylindrical VOI (bone regeneration, %); 3) connectivity density [Conn.Dens, 1/mm 3 ], which was derived from the Euler number, 46 a topologic measure used to describe the porosity of the bone sample and to show the extent of branching in the bone structure; 4) average bone thickness [B.Th, mm], calculated as the average thickness of all bone voxels and abbreviated as "Tb.Th*" by Hildebrand et al., 1999; and 5) bone mineral density (BMD, mg hydroxyapatite [HA]/cm 3 ], derived from comparison of X-ray attenuation in the scanned bone sample with that of hydroxyapatite standards.
Histological and immunohistochemical analyses
The harvested rat-tail vertebrae were cleaned from intact muscles and soft tissue and were fixed in 4% formalin for 48 hours. They were then decalcified by soaking in a 0.5 M-EDTA solution (pH 7.4) for 14 days, passed through an increasing-grade series of ethanol baths, and embedded in paraffin. Five-micrometer-thick sections were cut from each paraffin block with the aid of a motorized microtome (Leica Microsystems, Nussloch, Germany). The slides were heated at 65°C for 45 min; this process was followed by deparaffinization. Hematoxylin and eosin (H&E) staining and bone matrix-specific Masson's trichrome staining were performed as previously reported. 25, 31 An immunohistochemical assay was performed to detect the expression of porcine vimentin on paraffin sections of fused spines by using a HISTOMOUSE-SP kit (Catalog No. 95-9541, Zymed Laboratories, South San Francisco, CA, USA). Sections of tissue were deparaffinized with xylene, rehydrated in a descending-grade series of ethanol baths, and rinsed in PBS. The antigens were retrieved enzymatically by using an antigen retrieval kit (Catalog No. ab8212, Abcam, Cambridge Science Park, Cambridge, UK). Endogenous peroxidase activity was removed by treatment with 0.1% H 2 O 2 for 10 minutes. A primary antibody that reacts with human, porcine, and equine vimentin, but not with mouse vimentin (Catalog No. ab8069, Abcam Ltd., Cambridge Science Park, Cambridge, UK), was diluted 1:10 in PBS and applied to the slides for 1 hour at room temperature. After incubation with the primary antibody, the slides were rinsed in PBS and a secondary goat anti-mouse IgG antibody (biotin-conjugated; Zymed, San Francisco, CA, USA) was applied to the slides at room temperature for 10 min. After they had been washed with PBS, the slides were incubated with horseradish peroxidase conjugated to streptavidin and then stained with 3-amino-9-ethyl-carbazole dye. The slides were counterstained with hematoxylin, washed, attached using GVA mounting solution (Zymed, San Francisco, CA, USA), and visualized with the aid of light microscopy.
Statistical analysis
All mean values in the Results section and in the figures are displayed with their standard errors. Comparisons between the ASC-BMP6 and control groups at each time point for bone regeneration percentage, Conn.Dens, B.Th, and BMD were performed using the Student ttest. Linear mixed-effects models were used for longitudinal analyses of Luc reporter gene expression, bone regeneration rate, Conn.Dens, BMD, and B.Th across time. Luc expression was log-transformed to ensure normality in the longitudinal analysis. Whenever multiple comparisons were involved, the significance level of each individual test was adjusted using the Bonferroni correction. The increasing percentages of bone regeneration at Weeks 2, 4, and 6 were calculated using linear regression. Analyses were performed using SAS software, version 9.2 (SAS Institute Inc., Cary, NC).
RESULTS
Stem cell labeling with reporter genes
Porcine ASCs were isolated from fresh adipose tissue, expanded in culture, and infected with a lentiviral vector (LUBFG or Oc-Luc2). Their successful infection was verified by PCRs of genomic DNA extracted from pASC-LUBFG cells (Fig. 1A) and pASC-Oc-Luc2 cells (Fig. 1B) which showed that both cell types harbored the appropriate transgene as expected. The percentage of GFP-expressing pASC-LUBFG cells was evaluated using flow cytometry, which showed that more than 96% of the cells were infected with LUBFG (Fig.  1C) . Furthermore, Luc expression by the pASC-LUBFG cells was evident using in vitro BLI (Fig. 1D) . To verify successful infection with the Lenti-Oc-Luc2 vector, the infected cells were grown with and without osteogenic supplements in vitro and imaged on Day 14 after osteogenesis induction using BLI. The results showed that the Luc2 reporter gene was expressed only in osteogenically differentiated pASC-Oc-Luc2 cells (Fig. 1E, F) .
Optical imaging of donor cell survival and osteogenic differentiation in vivo
ASCs were infected with two reporter genes so that we could monitor cell survival (constitutively expressed luciferase) and osteogenic differentiation (luciferase driven by osteocalcin promoter). In vivo BLI demonstrated a highly localized signal from the site of implantation (Fig. 2A) . The quantitative analysis of Luc expression by cells engineered using the LUBFG construct showed that there was a rapid loss of viable cells in the site of implantation during the first 2 weeks (Fig. 2B) . However, after 2 weeks, no further significant change in reporter gene expression was observed. The results indicate that Luc expression changes significantly over time (p = 0.0003). Pair-wise comparisons among the four time points suggest that Luc expression is significantly higher on Day 1 than at Weeks 2, 4, and 6. Luc expression appeared to remain stable throughout Weeks 2, 4, and 6; no significant differences in Luc expression were identified among these time points.
A completely different pattern was revealed when we examined cells infected with the OcLuc construct (Fig. 3A, B) . At the first imaging session-24 hours postimplantation and 48 hours postnucleofection-relatively low expression levels of Luc were detected, whereas significantly higher levels of gene expression were found 2 weeks after implantation. At the Week 4 and Week 6 observations, it was clear that gene expression had rapidly declined compared with the previous observation (Fig. 3B) . The results indicate that osteocalcin promoter-driven Luc expression changes significantly over time (p = 0.0262). Pair-wise comparisons of Luc expression at the four time points suggest that Luc expression reaches its peak at Week 2 (when the expression level is significantly higher than that at Day 1 and Weeks 4 and 6). No significant differences in Luc expression were identified when we compared observations on Day 1 and at Weeks 4 and 6. This expression profile follows a previously reported expression profile of osteocalcin, a marker for bone formation, 47 during osteogenesis in vivo. 48, 49 
Qualitative and quantitative microCT-based analyses of vertebral bone regeneration
MicroCT imaging of defects, performed 24 hours after surgery, showed that the void volumes (VOI -BV day1 ) of all samples were very similar (SE +/− 1.3% of the void volume). Over time, prominent new bone tissue formation was detected in the vertebral bone void sites. Compared with defects in the FG-only control group, accelerated bone formation was evident in defects in the ASC-BMP6 group (Fig. 4 & 5) . The 2D tomographic images show regenerative changes in the morphological characteristics of bone over time (Fig. 4) . The morphological characteristics of regenerated bone in the ASC-BMP6 group became more similar to those of native vertebrae, with trabecular bone in the interior and a thick cortex (Fig. 4A, at 6 and 12 weeks) . A quantitative analysis of newly formed bone in the cylindrical VOI showed that bone regeneration in the ASC-BMP6 group was significantly higher than bone regeneration in the FG-only control group over time. The main bone growth and mineralization in the site of the defect occurred between Weeks 2 and 6 postsurgery in both groups. However, the rate of regeneration during this period was also approximately two times higher in the ASC-BMP6 group than in the FG-only control group, based on the slope of the linear trend line (0.1374 vs. 0.0824) demonstrated in Fig, 5A . The difference in rates (or slopes) between the two groups is significant (p = 0.0378).
Significantly higher values of Conn.Dens (Fig. 5B) were found at Weeks 4, 6, and 12 postsurgery, indicating that the microstructure of regenerated bone in the ASC-BMP6 group is more branched and thus may be more biomechanically competent than non-treated regenerated bone. No significant differences between groups were found in the thickness and mineral density of regenerated bone (Fig. 5C, D) .
Morphological analysis of bone repair and the donor cell contribution to new tissue formation
The histological analysis confirmed our imaging-based findings and demonstrated remarkable bone formation and defect regeneration in bone voids in which the engineered stem cells had been implanted. Standard H&E (Fig. 6 A, B, E, F) and bone matrix-specific Masson's trichrome staining (Fig. 6 C, D, G, H) revealed well-organized trabecular and cortex bone at the site of the defect. Light microscopy of the bone architecture revealed an organized bone mass with a lamellar microstructure containing compartments of bone marrow that highly resembled intact vertebral bone tissue morphologically (Fig. 6E-H) . Conversely, minor bone formation was found in the control group treated with FG alone, which was injected in the same manner (Fig. 6A-D) . No remnants of FG were found in either group. The IHC analysis of the sections using an antibody against porcine Vimentin revealed the new bone tissue formed partially constituted of donor porcine ASCs (Fig. 7) . Thus we can conclude that the pASCs were differentiated into a bone progenitor cells and actively contributed to the bone regeneration process.
DISCUSSION
Although vertebral fractures constitute a major problem for both elderly and military populations, a biological solution for such injuries has not yet been found. Osteoporotic patients cannot be treated with conventional spine implants because of their low bone mass. Furthermore, current methods of veretbroplasty do not induce bone formation. Injured soldiers are presently removed from active duty for long periods of time until their vertebrae are healed. In this study we have demonstrated an injectable stem cell therapy that has a potential to accelerate vertebral bone repair. This therapeutic approach might be relevant for both patient populations.
A vertebral bone void model was recently reported in rodents. 14 In the study by Liang et al., two different-sized defects (2 × 3 × 1.5 mm and 2 × 3 × 3 mm) were created using globular burrs. Neither defects were completely repaired after 8 weeks; however, natural bone regeneration was observed in both. 14 In the present study we developed a single, reproducible defect to see if we could accelerate the natural regenerative process by using gene-modified ASCs. Because only one defect was created in each animal, we were able to assess the regenerative process in each defect independently from that in other defects. The defects were created in a well-controlled environment and their proximity to the surface enabled longitudinal cell tracking in vivo.
Our results indicate a rapid loss of viable cells at the site of implantation during the first 2 weeks postinjection (Fig. 3B) . We speculate that the cause of this decrease in viable cell survival is twofold: 1) lack of vascularization and consequent lack of nutrients at the site of the defect; and apoptosis, a natural accompaniment to the osteogenic differentiation process. There has also been a great deal of debate concerning whether MSCs actually differentiate in vivo or merely serve as paracrine inducers. In this study gene-modified stem cells not only survived in the implantation site for 12 weeks, but also differentiated and contributed to full regeneration of bone tissue in the vertebral body.
The regenerative potential of bone tissue declines with age, thus additional regenerative agents such as MSCs are required for successful bone repair. Using our model the native regenerative ability of bone tissue was not compromised in this study, and thus some tissue formation was evident in the control group, which was treated with FG alone. However, due to the relatively large volume of bone void created, defects in the control group were not fully regenerated (Fig. 4B) . Conversely, use of genetically modified stem cells not only increased the extent of bone formation and the eventual volume of bone tissue inside the defect (Fig. 4A) , it also significantly accelerated the repair process (Fig. 5A) . The morphometric indices, average bone thickness, and mineral density of regenerated bone were similar in both groups. The values of these indices increased from Week 6 to Week 12, to a level similar to values of native vertebrae (Fig. 5C, D) , indicating that a 12-week period is sufficient for monitoring the healing process.
Stem cell tracking is critical to document the development of every cell-mediated therapy. In this study we aimed to investigate whether we could track donor cells inside the defect area and estimate their contribution to the regenerative process. We were able to show that the donor ASCs not only served as in vivo "bioreactors" for rhBMP6 secretion to initiate the bone formation process, but also actively participated in the tissue regeneration itself. In a previous study we showed that ASC-BMP6 cells contribute to bone formation in vivo; 31 here we were able to show that the labeled and nucleofected cells differentiate into boneforming cells and express the osteogenic marker gene osteocalcin. The osteocalcin promoter-driven Luc2 expression significantly increased 2 weeks after transplantation, suggesting that cells that survive the first few weeks undergo osteogenic differentiation and contribute to bone tissue formation.
We find it very encouraging that new bone that formed in bone voids treated by genemodified cells did not differ biologically or structurally from bone that formed in the voids of control animals treated with FG alone (Fig. 5C, D) . We conclude from this that the development of genetically engineered bone tissue resembles that of natural bone tissue created via the natural regeneration process, although in a more accelerated manner and eventually reaching larger volumes. We previously shown that the nonviral, transient overexpression of BMP results in the secretion of rhBMP6 at physiological levels, 31 and thus bone formation occurs in a natural and safe manner in a controlled environment compared with bone formation in the setting of conventional rhBMP protein therapy.
The proposed therapy, which involves the use of genetically modified adipose tissuederived adult stem cells, has great potential for various applications of bone tissue regeneration and spine therapy. In the present study we identified engineered bone tissue that morphologically and structurally resembling that of native tissue. Encouraged by the results of this study, we intend to develop this model in large animals in order to promote the translation of this research into clinical practice. However, it is important to note that VCFs are a complication of Osteoporosis and as such, treating such fractures will be efficient only if the underlying disease is treated as well. We envision that gene-modified cell therapy could be combined with an appropriate treatment for Osteoporosis and thus leading to a substantial improvement in the quality of life of these patients. pASC-LUBFG cells were injected into vertebral bone voids. At designated time points, luciferin substrate was injected subcutaneously into the operated sites of rat tails. This was followed by BLI (A) and quantitative analysis (B). n=7; bars represent ± SE; *p < 0.05. pASC-Oc-Luc2 cells were injected into vertebral bone voids. At several time points, luciferin substrate was injected subcutaneously into the operated sites of rat tails. This was followed by BLI (A) and quantitative analysis (B). n=6; bars represent ± SE; *p < 0.05. 
